Usage of a new but simple and reactive technique employing metallic aluminum as one of the reactants to produce very high phase-purity magnesium aluminate powder under rather mild experimental conditions is described. Low temperature melting of aluminum and subsequent exothermic reaction between molten aluminum and magnesia appeared to have led to the powder with a very high fraction of the spinel phase with small particle size and narrow particle size distribution. This powder upon sintering for 4h at 1600°C led to compacts with density as high as ϳ 92% with benign microstructural features. The beneficial effect of slightly off-stoichiometry (ϳ9 wt. %) in compositions on either side of magnesium aluminate in the starting powders has been discussed.
Introduction
Magnesium aluminate spinel (MgAl 2 O 4 ) is an excellent refractory oxide of immense technological importance as a structural ceramic. It possesses useful physical, chemical and thermal properties, both at normal and elevated temperatures. It melts congruently at 2135°C, shows high resistance to attack by most of the acids and alkalis and has low electrical losses. Due to these desirable properties, it has a wide range of application in structural, chemical, optical and electrical industry. It is used as a refractory in lining of steel-making furnaces, transition and burning zones of cement rotary kilns, checker work of the glass furnace regenerators, sidewalls and bottom of the steel ladles, glass furnaces and melting tanks.
Synthesis and fabrication of spinel MgAl 2 O 4 is known since long. A number of techniques such as, conventional solid-state-reaction (SSR), sol-gel, spray drying (atomization) and organic gel-assisted citrate complexation, have been extensively employed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The conventional SSR method is the most utilized one in spinel preparation. However, it has several disadvantages such as longer processing time, need for repetition of calcination stages, requirement of very high temperatures for sintering attended by non-uniform and abnormal grain growth and remnant porosity.
Spinel synthesis from oxides at high temperature is accompanied by a 5-7% volume expansion [1] [2] [3] . Hence a 2-stage synthesis strategy has been used. Generally, the 2-stages involve a pre-calcination of the oxides in a lower temperature range (1100 -1300°C) in order to allow 55-70% of spinellization, which is followed by sintering at much higher temperature (1700 -1900°C) to achieve the desired properties. Kriegel et al. [2] have worked on a method of calcination, which allows part of spinellization of stoichiometric mixture of MgO and Al 2 O 3 to complete at 1450 -1470°C. This mixture was crushed to ϳ2 m powder for further sintering. Bailey and Russell [4] introduced a 'partial reaction' technique and obtained a spinel of ϳ95% theoretical density using excess magnesia to improve the density and grain size control in the final product. Kostic and Momcilovic [6] have reported a maximum density of 3.3 g/cm 3 (ϳ91.7% theoretical) at 1800°C with pre-synthesized spinel as starting material. By using MgCl 2 as a sintering aid, Teoreanu and Ciocea [7] managed to obtain well-densified spinel body with a single-stage firing using calcined Al 2 O 3 and sintered MgO as starting material. On the other hand, Park et al. [8] have studied the effect of different calcination temperature (1000°C to 1300°C) on the evolved microstructure in the spinel.
The grain growth and density of the sintered bodies have been found to be a very strong function of impurities either present in the starting materials or incorporated during processing. Studies have shown that presence of additives such as B 2 O 3 , V 2 O 5 , Y 2 O 3 and MgCl 2 help to produce a more densified spinel. Yet it is difficult to prepare a dense sintered body in a single stage firing. Zografou et al. [11, 12] reviewed the effect of dopants such as Al 2 O 3 , MgO and SiO 2 on the sintering behavior of spinel. Their study showed that densification of spinel was greatly influenced by variation in composition. Similar work by Serry et al. [13] describes the effect of various phase compositions and presence of dopants/impurities on the densification of spinel. Bulk density obtained after firing at 1700°C was Ն 90% on impure batches compared to pure stoichiometric (85-88%) spinel grains. Average values of the lattice parameter of all batches increased with impurity content due to solid solution of some impurities within the spinel structure. However, Tatani et al. [14] have reported 96% of densification at 1700°C from MgAl 2 O 4 powder of 0.2 m produced by vapor-phase oxidation route. Thus, from what has been reported in most of the literature hitherto, poor yield of MgAl 2 O 4 spinel, incomplete densification (ϳ91.7% at 1800°C), repeated milling and requirements of very high temperatures (in excess of 1700°-1900°C) appear to be the salient features of the synthesis methods employed. Kumar and Sandhage [15] recently described the fabrication of near net-shaped MgAl 2 O 4 bodies in the form of disks and bars, using infiltration of molten magnesium into porous alumina preforms. They reported a bulk density of 3.34 g/cm 3 (ϳ92.7% theoretical) with minimal dimensional variation when these composites were sintered at 1700°C for 6 h. However, in their work, use of metallic magnesium has been made. Magnesium is costlier ($1.53 versus $0.75 per pound) and much lighter (1.74 gcm -3 versus 2.70 gcm -3 ) than aluminum [16] . Also, the enthalpy of fusion of Mg (2.14 kcalmol -1 ) is slightly lower than that of Al (2.58 kcalmol -1 ) [17] . Hence, for enhanced penetration of the liquid metal into an oxide matrix, favorable thermodynamic and kinetic aspects and economy of the process, a combination of Al (l) ϩ MgO (s) appears to be a better choice. Therefore, with the aim of: (i) increasing the extent of spinellization, (ii) lowering the temperature of sintering, and (iii) enhancing the densification in the sintered bodies under less demanding conditions, synthesis of the MgAl 2 O 4 via SHS technique was employed. Recently, Azad et al. [18 -21] have successfully employed a rather new technique called the Self-Heat-Sustained (SHS) in the synthesis of alkaline-earth stannates of the formula MSnO 3 , where M ϭ Mg, Ca, Sr, Ba and Mg 2 SnO 4 [22] , making use of the low melting point of metallic Sn. They obtained a well-densified microstructure with relatively small grain size and near to zero porosity by selective sintering T-t schedule. SHS is an attractive one-step highly energy-efficient technique for the synthesis of refractory non-oxides as well as ceramic matrix composites. This presentation describes the results of synthesis, processing and microstructural correlation in the magnesium aluminate spinel obtained from SHS technique using metallic aluminum and magnesia as the starting materials.
Experimental

Material synthesis and characterization
Reagent grade MgO (99.5% Ajax Chemicals Ltd., Sydney, Australia) and metallic aluminum powder (99.99% Aldrich, WI, USA) were used as the starting materials. Three compositions, one stoichiometric, one with excess MgO and one with excess Al 2 O 3 in the final product were chosen. The non-stoichiometric compositions contained mixture of MgO and Al in such a way that they yielded ϳ9 wt. % of MgO excess in one case and ϳ9 wt. % of Al 2 O 3 in the other at the end of the processing. For the sake of ease of identification they will hereafter be referred to as MA (stoichiometric), 10MA (spinel with excess 9 wt. % of MgO) and MA10 (spinel with excess 9 wt. % of Al 2 O 3 ). The non-stoichiometric compositions were used to study the effect of excess amount of terminal precursor on the sintering behavior of the MgAl 2 O 4 spinel. Appropriate amount of MgO and metallic Al powder were accurately weighed and thoroughly mixed in an agate mortar to give about 100 g of the mixed powder in each case. Each of the three mixtures was then separately dry ball-milled for 1 h in airtight polystyrene bottles with 8 clean zirconia balls as milling media. The ball-milled powder were pressed uniaxially into pellets of 25mm in diameter and 2mm thickness at a pressure of ϳ30 MPa. The pellets from each batch were placed in an alumina crucible in the uniform temperature zone of a horizontal tubular furnace. The furnace tube was flushed with Ar. The samples were heated slowly from room temperature to and maintained at 700°C for 2 h in argon gas atmosphere. This was to facilitate complete melting of metallic Al (melting point ϭ 650°C) and its uniform dispersion under gravitational flow in the liquid state. The temperature was then increased gradually to 1000°C for 4 h with a change of ambient atmosphere from argon to air. This was done to cause the reaction between molten and free flowing Al and MgO. The mixture was then calcined at 1200°C for 8 h in static air. The entire heating process was carried out under atmospheric pressure (1 atm). The pellets were crushed, homogenized, analyzed by XRD for the extent of reaction and heated again in static air for 2 h at 1300°C.
The calcined pellets were crushed and pulverized in an agate mortar into fine powder. The powder was blended with ϳ4 wt. % PVA (polyvinyl alcohol, solution in water, 40 gL -1 ), and dried overnight in an air oven at 95°C. The dried mixture was pulverized again to fine powder. In a separate experiment, each of the three sets of powders obtained after calcination at 1300°C, was mixed with 1 wt. % of Bi 2 O 3 (99.99% Rare Metallic Co. Ltd., Japan) as a sintering aid, blended with PVA, homogenized and pressed into pellets in a manner identical to that described above. These pellets were cold isostatically pressed at 200 kgf for 60s. They were subjected to sintering at temperatures ranging from 1500 -1700°C for duration of 2-4 h in static air. A slightly modified schedule was used to in the case of Bi 2 O 3 -added samples to utilize its low melting characteristics (melting point of Bi 2 O 3 ϭ 825°C).
One of the intentions of the present investigation was to study the most appropriate sintering T-t schedule that would give a microstructure most useful for the anticipated application as structural material. Fig. 1 shows the firing profile employed in this work. Horiba (CAPA-700 model, Japan) particle size analyzer was used to estimate the particle size and their distribution in the reacted powders. Densities of the calcined powders as well as the sintered samples were measured both by: (a) pycnometry (He gas AccuPyc 1330, Micromeritics, USA) and, (b) Archimedes principle of water displacement. In the case of sintered bodies, the ratio of (b) to (a) was used to indicate the fractional theoretical density achieved in the samples at a given temperature and time of sintering. X-ray diffraction (XRD) was carried out on a Rigaku Diffractometer (Japan) at room temperature in the range of 17°Ϫ67°( 2). The resulting XRD pattern was also used to detect the presence of, if any, unreacted starting materials and/or new phase. Microstructural features of the starting green powders as well as the sintered discs were determined by using a JEOL-6400SM scanning electron microscope (Japan). Semi-quantitative compositional analyses in different region of the sintered samples were carried out by energy dispersive analysis by X-rays (EDAX) on the EDS system attached to a Philips XL40 scanning electron microscope (The Netherlands). Microscopic images were collected both on fractured and as-sintered surfaces to discern non-uniformity, if any, of grain growth, intergranular connectivity and porosity in the bulk and the surface. A Polaron Coating Machine (UK) evaporated a uniform thin film of gold on the exposed surfaces to avoid electrostatic charging during microscopic viewing.
Results and discussion
Phase analysis in calcined and sintered samples
The XRD signatures of the three compositions (viz., MA, 10MA and MA10) calcined at 1200°C/8 h are displayed in Fig. 2a [4] noted that a mixture of MgCO 3 and Al 2 O 3 milled and calcined at 1125-1140°C led to about 55 to 70% of spinellization. In order to increase the extent of spinellization, the SHS samples were further calcined at 1300°C/2h. Fig. 2b shows the diffraction patterns in powder samples calcined at 1300°C. Quantitative analysis based on the peak intensities of the phases present at this stage revealed that the amount of MgAl 2 O 4 spinel formed was 87.3%, 92.3% and 91.7% in MA, 10MA and MA10 compositions, respectively. The only other phase detected was ␣-alumina and within the detectable limit of the XRD, MgO could not be found even in trace quantity at this stage. This could possibly be due to small yet finite solid solubility of Al 2 O 3 and MgO in MgAl 2 O 4 as predicted by phase diagram [23] [24] . A comparison of Figs. 2a and 2b would readily reveal that the peaks belonging to Al 2 O 3 have significantly diminished (those characteristic of MgO being nearly absent) with a corresponding increase in the intensities of the peaks belonging to the spinel. This is in contrast to previous works where high fractions of spinel could only be obtained at much higher temperatures. As mentioned earlier, Kriegel et al. [2] used calcination at 1450°C to 1470°C to complete the spinellization followed by further crushing the powder below 2 for sintering. Some authors have reported that Ն 90% sintered spinel can be produced by solid state reaction by a precalcination at 1100°C to 1300°C to convert more than 50% into reactive powders, then crushing, reforming and sintered at temperature up to 1700°C [3, 4] . Therefore, it appears that the SHS technique used in this work yielded highest amount of spinel phase at relatively low temperature than the previous works using solidstate reaction.
Using the experimental XRD patterns and the relationship between interplanar spacing d, lattice constants, (unit cell 'a' and volume, V) were computed for each of the three mixtures and are presented in Table 1 Table 1 , the lattice parameter on either side of the stoichiometry shows a slight increase. This observation further supports the fact that there is a limited yet finite solid solubility of terminal components in spinel phase, which could lead to slight unit cell dilation. The appearance of very sharp and narrow peaks also signifies the presence of very small crystallite size in the calcined powder. Using the relationship of peak broadening, with crystallite size and diffraction angle, the average crystallite size was found to be ϳ0.4 m.
Particle size analysis of MA calcined at 1300°C/2 h showed a bimodal distribution as displayed in Fig. 3 . About 70% of the powder consists of submicron particles (Ͻ1 m), while 20% of remaining had a distribution between 1 and 5 m. Particle size distribution patterns in 10MA and MA10 were identical to those in MA.
The density of the powder obtained after calcination at 1300°C/2 h was 3.44, 3.52 and 3.52 g/cm 3 in MA, 10MA and MA10, respectively, very close to the theoretical density reported for pure MgAl 2 O 4 (3.579 g/cm 3 ). Therefore, it can be concluded that the powder synthesized in this SHS technique was of high quality.
In order to ascertain the chemical state of the phase in the sintered bodies, XRD signatures were also collected on sintered pellets as well. One such XRD pattern for the compacts sintered at 1500°C/2 h is shown in Fig. 2c . For all the 3 compositions, the only phase formed in sintered body is MgAl 2 O 4 . Therefore, it may be concluded that any traces of Al 2 O 3 and MgO present in the calcined powder got dissolved in the spinel upon sintering. The XRD patterns remained identical in samples sintered at temperatures higher than 1500°C and hence are not repeated here. Sarkar et al. [9, 10] have reported that 100% spinel phase was obtained from Al 2 O 3 -rich composition sintered at 1650°C.
As mentioned earlier, densities of the sintered bodies were measured both by pycnometry (D1) and Archimedes technique (D2). The ratio of the two (D2/D1) was used as a measure of fractional theoretical density attained by the specimen. At the lowest sintering temperature (1500°C/2h), densities obtained are in the range of 83% to 88% theoretical, with the highest achieved in 10MA. However, densities of the samples were greatly improved with increase in sintering temperature from 1500 to 1550°C (viz. 89% to 90%). Fig. 4a shows the density variation of samples soaked for different duration at various temperatures. Densities achieved in MA, 10MA and MA10 sintered at 1550°C/2h and 1600°C/4 h varied between 88% to 93%. It was found that while the density of MA and 10MA both increased [(92.3%) and (91.5%) respectively], that of 10MA decreased slightly (ϳ2%) beyond 1600°C/4 h. In any case, MA achieved the highest density. Kostic and Momcilovic [6] have reported that a density of 92% could be obtained in bodies sintered at 1800°C, using 90% pre-synthesized spinel. Tatani et al. [14] have reported achieving 96% densification at 1700°C with 0.2 m MgAl 2 O 4 powder. Studies have also shown that MgO-rich composition showed ease of sintering and hence excess of MgO is highly beneficial for improved densification. However, excess Al 2 O 3 composition showed less sinterability and continuous decrease in densification was observed [11, 12] . They explained that this might be due to spinel becoming anion deficient and sintered more rapidly with excess MgO, while excess Al 2 O 3 yielded cation deficient spinel. Sarkar and Banerjee [10] used 1 mole excess of MgO and Al 2 O 3 to study the effect of stoichiometric deviations on densification of the spinel. Fig. 4b shows the density variation of samples sintered at 1600°C/4h using Bi 2 O 3 as sintering aid. It was found that density of MA and 10MA show slight decrease with 1 wt. % of Bi 2 O 3 , whereas density of MA10 increased significantly to 90%. Hence, it can be inferred that the use of Bi 2 O 3 as sintering aid did not help in increasing the density of samples. However, in the presented work, stoichiometric MA and the sample with an excess of MgO (10MA) has yielded a remarkable increase in density (ϳ92%) as compared to the previous studies. Densities of MA10 have shown only slight increases (ϳ2%). This is possibly due to the fact that excess amount of MgO and Al 2 O 3 used in this work is still very much within the solid solubility range of MgAl 2 O 4 . Thus, it may be concluded that the density of spinel obtained via SHS technique was much higher compared to those reported. Another feature of this technique was that benign densification was achievable at relatively lower temperatures.
Microstructural features in green and calcined powders and sintered samples
The morphological features of MA, 10MA and MA10 powders calcined at 1200°C/8 h are shown in Fig. 5 . As can be seen clearly, a large number of agglomerates are formed and their size varied in the range of ϳ10 -60 m. The agglomerates in MA10 are seen to be smaller (average size ϳ30 m) than of those in MA and 10MA. Figure 6 (a-c) depicts the microstructural features developed in samples sintered at 1600°C/2 h. The morphological features are almost similar for all the three compositions. With increase in soak-time to 4 h at 1600°C, density is noticeably enhanced with concomitant decrease in porosity and better intergranular connectivity. There is also seen a significant grain growth that resulted in 2 range of particle size distribution, from submicron particle (Ͻ1 m) to grains of size 5-10 m. However, one of the limitations of SHS synthesis is the presence of relatively high degree of porosity in the material. Nevertheless, since 95% of this porosity in the material is open in nature, it can be eliminated during sintering stage, leaving a dense and compact body. Hence, samples were sintered at 1600°C with increase in soak time to 4h and microstructures of these samples are shown in Fig. 6 (d-f) . As can be seen clearly, density has increased further followed by a decrease in porosity. A better grain-to-grain connectivity can be observed. However, morphology of the samples remains the same. Grain growth has caused the size of some of the grains to increase and a broader bimodal particle size distribution is shown. Grain growth in 10MA is more significant than in MA and MA10. Both MA and MA10 have smaller grains (of the order ϳ1 m) as well as the larger ones (ϳ15 m). In 10MA, smaller grains are still in the range of 1 m, but bigger grains are about ϳ20 -30 m.
Conclusion
Quantitative conversion of Al ϩ MgO mixtures into high purity MgAl 2 O 4 using the low temperature melting characteristics of metallic aluminum has been demonstrated. Thus, the self-heat-sustained (SHS) technique holds the promise of producing net-shaped spinel bodies under rather mild conditions. Density as high as ϳ92% was achieved in compacts sintered at 1600°C for 4h, which is the lowest temperature-time sintering profile employed hitherto for this spinel. Compositions with a small (ϳ9 wt. %) excess of magnesia and/or in-situ produced alumina were found to confer benign effect on sinterability and densification characteristics. Usage of Bi 2 O 3 as sintering aid did not seem to help in increasing the density of samples. 
